ment, the random uncertainty for the average value is reduced to 1.1 X 10-8.
[31 E. Braun, F. Staben, and K. von Klitzing, "Experimental determination of h/e2 by the quantized Hall resistance in MOSFETs," PTB-Mitt., 90 5/80, pp. 350-351, 1980 ; A correction is given in E. Braun, P. Gutmann, G. Hein, F. Melchert, P. Warnecke, S. Xue, and K. von Klitzing, "Cryogenic method for the determination of the fine structure constant by the quantized Hall resistance, in Proc. Precision Measurement and Fundamental Constants II, NBS Spec. Publ. 617, pp. [535] [536] [537] 1984 .
[41 D. C. Tsui, A. C. Gossard, B. F. Field, M. E. Cage, and R. F. Dziuba, "Determination of the fme-structure constant using [1] [2] [3] [4] .
These standards typically have their best accuracy at some voltage other than the 1.01-V level of standard cells. In order to separate the performance of the reference device from ensuing buffer amplifiers, it is necessary to measure "peculiar" voltages, for example, 6 .583 V. Typically, Kelvin-Varley dividers are used to measure a wide range of voltages in terms of a standard cell. Accuracies better than one ppm are only achieved by frequent, time consuming, manual calibrations of the divider. As an alternative to the Kelvin-Varley method we have constructed a fully automated, self-calibrating measurement system to measure any arbitrary-voltage within the voltage range of 1-10 V. The total measurement uncertainty in comparing a voltage between 5 and 10 V to a 1.018 V standard cell is ±0.22 ppm, three standard deviation estimate (3a).
II. SYSTEM DESCRIPTION The system to be described is essentially a potentiometric technique which allows voltage measurements to be made without loading the source being measured. Since the system was developed to measure Zener reference units and diodes, we will frequently refer to the voltage source being measured as a Zener reference. Fig. 1 III. TRANSFER REFERENCE The transfer reference is a commercial solid-state reference that has been modified to produce 10.18 V rather than the 10 V normally supplied. When measurements are being taken, the reference is disconnected from the ac power line and operated from its internal batteries to eliminate coupling to the power line. When the reference is disconnected from the ac power the output voltage is observed to drift down approximately 0.2 ppm during the first hour, apparently caused by temperature changes in the reference. This particular transfer reference has the power transformer in the same enclosure as the reference device and the latter is not temperature controlled. When power is removed from the transformer the internal temperature typically drifts down by about I°C during the first hour. After a one hour "warm up" time the typical output voltage drift is -0.018 ppm/h. Since the voltage drops across the resistors (and hence the transfer reference), they are calibrated by standard cells before and after Zener measurements, only short-term stability is required of the transfer reference.
IV. LoW-PASS FILTER The transfer reference was found to be sensitive to ac noise coupled into it from the output terminals. If any solid-state voltage reference is not properly isolated from external noise sources, nonlinear circuit elements, including the Zener diode, rectify the ac signals and produce a dc shift in the output voltage [5] . Connecting the DVM directly to the transfer reference produced a dc shift in the output voltage of 0.2 ppm. This was determined by monitoring the reference output voltage with a passive measuring system while connecting the DVM. The value of the dc shift was dependent on the position of the DVM in the measuring circuit, and was extremely reproducible from day-to-day. This produced a systematic error in the calibration of the voltage drops of the 10 resistors. A three-stage RC PI low-pass filter with a cutoff frequency of 400 Hz was added between the output of the transfer reference and the resistor string to reduce the ac noise. The filter forms part of a voltage divider (with the resistor string) so wire-wound resistors were used for stability and to reduce thermal EMF's. Installation of the filter reduced the worst case dc shift to 0.039 ppm. However, since similar shifts occur during determination of the resistor voltages and during the unknown Zener measurements, the dc shift error is partially canceled. When necessary, filters are also added to the unknown Zener references under test.
V. RESISTOR STRING
The resistor string driven by the transfer reference consists of 10 nominally equal, stable, 100042 wire-wound resistors. We would have preferred to use lower-valued resistors to reduce measurement errors from leakage currents, but the transfer reference is limited to a load current of slightly more than 1 mA. The resistors are mounted in a temperature-controlled air enclosure, with a simple solid-state sensor and dc amplifier controller to maintain the short-term temperature variations to within ±0.010C.
VI. CROSSBAR SELECTOR SWITCH
The crossbar selector switch, a modified commercial product originally intended for telephone applications, permits up to 60 voltage sources to be compared to the voltage drops across the resistors or intercompared with each other and is a variation of that described in [6] . The switch consists of a matrix of switch contacts that are actuated by magnetically latched solenoids to reduce the power dissipated in the switch. Gold contacts on beryllium copper are used exclusively, and the switch is mounted in a temperature-lagged enclosure with all leads to the switch thermally connected to a large aluminum plate. The crossbar switch is interfaced to the desktop computer via the IEEE bus. A universal coupler converts the 488 bus commands to parallel outputs which are boosted by transistor-drivers to actuate the solenoids with the proper timing sequences. Switch reliability has been excellent, no switch problems having been encountered in two years of operation. Thermal EMF's are periodically checked by shorting the input leads and measuring the voltage with the DVM. Unresolved thermal EMF's are less than 0.030 pV.
VII. DIGITAL VOLTMETER A 6 2 digit DVM with 0.1-,uV resolution on the 0.1-V range is used as the system voltmeter. The voltmeter is programmed by the desktop computer via the IEEE-488 bus. All voltages are measured by the DVM in both the forward and reverse direction to cancel offset voltages in the DVM. The polarity reversal is done by the crossbar switch. The 0.1-V range is used when calibrating the resistor string voltages against standard cells, and an integration time of 9 s for each polarity yields a random measurement uncertainty of 0.034 pV (la). For measurements of Zeners (as shown in Fig. 1 ) the voltmeter is calibrated and used only on the one volt range.
VIII. DESKTOP COMPUTER
The desktop computer used with the system is programmable only in the Basic language, has 64 kbytes of main memory, and has two 10 Mbyte disks. The large on-line storage capability permits us to maintain a database on measurements made on all the references, examine data, plot control charts, and produce reports as necessary. The system is fully automated with the computer controlling all aspects of the measurement process including operating the crossbar switch, reading the DVM, supplying ac power to the references under test, and reading the temperature of the standard cells.
A number of programs have been developed to automate completely the measurement process. These programs can be used individually or under the control of an interpretative program which calls the programs as overlays (because of limited main memory) and stores the measurement data on a disk. IX. CALIBRATION AND SOURCES OF UNCERTAINTY By far the most critical component of the system is the digital voltmeter. However, in this system the DVM offset and gain are calibrated during the measurements. Provision is also made to calibrate automatically the linearity at 10 points on the 10-V range by measuring the 10 voltages 1.018, 2.036, ' ' ' , 10.18 V although periodic linearity measurements at 100 points using a Kelvin-Varley divider have shown that it is not necessary to implement this feature. The system was designed principally to measure Zener diode references in the range 5-10 V. Table I lists the sources of uncertainty in the measuring system extrapolated to the worst case unknown voltage (5.5 V) in the 5-10 V range. The system may be used over the range 1-5 V but with somewhat reduced accuracy when the unknown voltage is not near a cardinal value (1, 2, 3, , V) . The uncertainties in Table I are discussed below.
The DVM gain is measured during the course of the Zener measurements (usually four times) by reading the voltages across two or more individual resistors in the resistor string. From these measurements the gain error of the 1 V range can be estimated. Two resistors are used for redundancy and to estimate the errors in measuring voltages above ground.
The DVM linearity is periodically checked on the 10-V range using a calibrated, manual, 7-dial Kelvin-Varley divider. A computer-aided system is used to log the data and typically 100 voltages are measured. Measurements performed when the system was first set up indicated no substantial difference in the linearity of the 10-and I-V ranges. The linearity error on the particular DVM being used was typically 0.7 ppm at half-scale input. Measurements on three other meters of the same model have confirmed that the linearity error is typically less than 1 ppm of full scale.
The DVM leakage and bias currents and the standard cell leakage currents were measured directly with an electrometer and their effects on the measurement calculated. The ac effects on the transfer reference were estimated by monitoring changes in its voltage using a passive measurement circuit referenced to a standard cell while the DVM was measuring Fig. 2 . The reference exhibits a 1 ppm/year drift with a standard deviation of a single observation of 0.07 ppm. We have observed that most references measured by the system showed an unexpectedly high correlation in their voltage fluctuations from day-to-day. This same correlation appeared between references near a cardinal value (i.e., 1.018 V) where the DVM reading is small, and 10 V where the DVM reading is much larger. We concluded that the problem was related to measuring the temperature of our standard cells. Improvements were made to read the temperature automatically at the time of the measurement rather than 1 or 2 h before, and the correlation was re("uced.
We have developed a fully automated measuring system capable of calibrating an arbitrary-voltage reference with an inherent accuracy of ±0.22 ppm (3a). It is based on the principle that a properly calibrated digital voltmeter can be used as a transfer device to an accuracy of at least 1 ppm. Using this system we have shown that some solid-state voltage references presently available have drift rates as low as 1 ppm/ year, nearly as good as standard cells. We have also found that some Zener references shift in voltage by as much as 2 ppm when connected to a DVM and ac filtering must be used to reduce this offset.
In addition, using the principles developed here, possibly in conjunction with fixed ratio voltage dividers, the voltage range can be extended up to 100-1000 V or down to 100 mV, albeit with reduced accuracy. It is also reasonable to use this system as part of a self-calibrating dc reference in an automatic test equipment (ATE) system, or as a high-accuracy automated DVM calibrator.
